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Abstract
Spatial neglect is a post-stroke attention deficit for which 
there is no evidence-based intervention. Immersive virtual 
reality (IVR) may increase treatment efficacy, as it allows to 
train spatial attention in a rich environment. This study eval-
uated the efficacy and feasibility of an IVR patient-tailored 
training (HEMIRehApp). Using a cross-over design, an ac-
tive (spatially biased) and placebo (spatially unbiased) IVR 
intervention were compared. We aimed to recruit 8 per-
protocol left-sided neglect patients. The primary outcome 
was response times on the Posner cueing task. To evaluate 
feasibility, we documented the number of recruited patients, 
cybersickness and patients' experience with HEMIRehApp. 
After 2 years of recruitment, we were able to enrol 6 pa-
tients, of whom 2 completed the full protocol. The target 
sample size was not feasible due to a lower than expected 
prevalence of left-sided neglect and a higher than expected 
drop-out rate. The planned group-level analysis was there-
fore replaced by a single-case analysis. The results in the 2 
per-protocol cases suggest a superior effect of spatially bi-
ased IVR training than unbiased IVR training inside IVR. 
IVR training was feasible as all 6 enrolled patients were able 
to complete 10 IVR training sessions, but the cross-over 
protocol itself was unfeasible. While the low sample size 
prevented us from conclusively evaluating the efficacy of 
HEMIRehApp, our preliminary single-case results suggest 
that neglect patients were able to improve attentional orien-
tation towards eccentric target locations in IVR. Follow-up 
studies are needed to further validate these findings.
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INTRODUCTION

Hemispatial neglect is a post-stroke attention deficit characterized by a difficulty in responding to 
events on the contralesional side of space, which significantly restricts patients' functionality and is a 
negative prognostic factor for stroke rehabilitation outcome (Buxbaum et al., 2004). Hemispatial ne-
glect encompasses spatial and non-spatial deficits (Corbetta & Shulman, 2011; Husain & Rorden, 2003; 
Robertson, 2001) and is a heterogeneous syndrome. Patients can show symptoms in different spatial 
reference frames, distances to the observer and different sensory domains (Milner & Harvey,  1994; 
Stoep et al., 2013). Neglect can affect orientation to visual information, visually imagined information 
(Buxbaum et al., 2004), or can affect the motor domain (Laplane & Degos, 1983). Although hemispatial 
neglect is a complex syndrome occurring after both left- and right-hemispheric stroke (Demeyere & 
Gillebert, 2019; Ten Brink, Verwer, et al., 2017), we will focus on hemispatial neglect that affects pro-
cessing of visual information in peri-personal space following right-hemispheric stroke.

Cognitive rehabilitation, non-invasive brain stimulation and pharmacological 
interventions

It is estimated that 40% of neglect patients do not experience complete recovery (Demeyere & 
Gillebert,  2017; Demeyere, Gillebert, et  al.,  2015; Nijboer et  al.,  2013). Thus, there is a great need 
for effective interventions for neglect (Kerkhoff & Schenk,  2012; Luauté et  al.,  2006; Van Vleet & 
DeGutis, 2013). Given that there is no strong evidence yet for the effect of cognitive rehabilitation at 
the group level (Bowen et al., 2013), researchers explored the potential of non-invasive brain stimula-
tion (Cazzoli et al., 2012; Salazar et al., 2018; van Lieshout et al., 2019), pharmacological interventions 
(Luvizutto et al., 2015; van der Kemp et al., 2017) or re-evaluated classic rehabilitation methods such 
as prism adaptation (Ten Brink, Visser-Meily, et  al.,  2017). However, clinical trials have not yielded 
sufficiently strong evidence for the therapeutic effects or feasibility of these interventions for them to 
be used as a standard treatment in clinical practice. Harvey (2019) highlighted a salient issue in neglect 
rehabilitation research, stating that it was uncommon to report the number of referred relative to suc-
cessfully recruited patients in clinical trials evaluating non-invasive brain stimulation. These data are 
indeed crucial to evaluate the clinical contribution of therapies, as they provide insight into the percent-
age of patients that can be treated with the therapy. Thus, it is not surprising that there is little consensus 
among clinicians about the preferred treatment for hemispatial neglect (Chen et al., 2018).

Virtual reality as an interesting avenue for neglect rehabilitation

Interestingly, when clinicians were asked about their preferred rehabilitation method in a scenario not 
hampered by practical constraints, many clinicians expressed a preference for virtual reality rehabili-
tation (Chen et al., 2018; Kolodziej & Gillebert, 2018). Indeed, immersive virtual reality (iVR), using 
head-mounted displays (HMD), offers several opportunities for neglect rehabilitation. The immersive 
nature of IVR may increase treatment engagement (Tieri et al., 2018). Moreover, the HMD offers excel-
lent control over stimulus presentation (Foerster et al., 2016), allows training spatial orientation in a 3D, 
dynamic environment (Rizzo et al., 2004) and allows correction for compensatory head movements. 
IVR can indeed provide a safe and positive experience for older adults (Huygelier, Schraepen, van Ee, 
et al., 2019). Combining the strengths of iVR with gaming features that may further enhance treatment 
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engagement (Burke et al., 2009) may result in effective and feasible neglect rehabilitation. Therefore, 
we developed an iVR game to rebalance spatial attention in neglect patients (Huygelier, Schraepen, 
et al., 2020).

Potential limitations for the use of virtual reality in rehabilitation

Although iVR is promising, the clinical utility of iVR remains uncertain to date. For instance, iVR has 
been notorious for inducing cybersickness. However, the newest generation of iVR meets the technologi-
cal standards necessary to effectively mitigate cybersickness (Kourtesis et al., 2019) and several studies 
reported little cybersickness using the latest generation of iVR technology in various older popula-
tions (Appel et al., 2020; Huygelier, Schraepen, et al., 2020; Huygelier, Schraepen, van Ee, et al., 2019; 
Plechatá et al., 2019). On the other hand, cybersickness has a negative association with sense of presence 
in the virtual environment (Weech et al., 2019) and may also depend on the design of the iVR applica-
tion (Davis et al., 2015; Porcino et al., 2017; Stanney & Hash, 1998) as well as on characteristics of the 
end-users (Arns & Cerney, 2005). It is thus important to monitor cybersickness for each specific iVR 
application and for each end-user group.

Furthermore, cybersickness has mostly been studied using questionnaires administered after the 
iVR experience. As symptoms such as fatigue may already be present before using iVR, this proce-
dure cannot clarify whether cybersickness resulted from the iVR experience itself. Indeed, a previous 
study showed a consistent decline in cybersickness after using an iVR application in six stroke patients 
(Huygelier, Schraepen, et al., 2020).

Finally, the clinical utility of iVR depends on how iVR is experienced by end-users (Huygelier, 
Schraepen, van Ee, et al., 2019). Nevertheless, only a few studies investigated iVR user experience in 
older adults and stroke patients (Dermody et al., 2020; Huygelier, Schraepen, et al., 2020; Huygelier, 
Schraepen, van Ee, et al., 2019; Tuena et al., 2020). One study reported a good usability of a VR as-
sessment using shutter glasses in stroke patients with hemispatial neglect (Fordell et al., 2011). Another 
study reported a good perceived usability for an exergame using a computer monitor in hemispatial 
neglect patients (Tobler-Ammann et  al., 2017). However, these studies do not clarify whether head-
mounted iVR will be positively experienced by neglect patients.

Design of clinical trials

Many clinical trials on neglect rehabilitation have reported weak or moderate-quality evidence in fa-
vour of a therapeutic effect (Bowen et al., 2013; Luauté et al., 2006; Salazar et al., 2018; van der Kemp 
et al., 2017). Indeed, designing a sound clinical trial in stroke rehabilitation poses some challenges.

A first challenge lies in measuring changes in neglect symptoms. It is common to use clinical pen-
and-paper assessments to measure the effects of rehabilitation, but research has shown large variation 
in scores on these assessments from test to retest, potentially obscuring rehabilitation effects (Bailey 
et al., 2004; Machner et al., 2012). Moreover, performance on clinical pen-and-paper tests is often sum-
marized in a way that does not differentiate non-spatial from spatial errors, making it unclear which 
behavioural aspects may be affected by treatment (Huygelier, Moore, et al., 2020).

A second challenge is to determine the therapy dose prior to conducting a clinical trial. When obtain-
ing non-significant results, researchers often conclude that their therapy dose may have been too low to 
obtain a therapeutic effect (e.g., Sturm et al., 2013). A possible solution for this salient issue may be to 
measure symptoms multiple times. Such a longitudinal design can inform whether more therapy hours 
may have resulted in better treatment effects.

Another challenge is to determine the baseline condition. In neglect rehabilitation, an experimental 
treatment is often compared to usual care (e.g., physical, occupational therapy), rather than to a placebo 
treatment. However, what exactly constitutes “usual care” is typically underreported and heterogeneous 
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across hospital sites (Negrini et al., 2020). Moreover, clinical trials have often underreported informa-
tion relevant to assessing the feasibility of therapies (Harvey, 2019). These aspects make it difficult to 
generalize findings from clinical trials to new clinical contexts.

The current study

In the current study, we aimed to evaluate the efficacy and the feasibility of a new iVR rehabilitation game 
for hemispatial neglect.

More specifically, our primary objective was to compare the effect of an active and placebo iVR 
rehabilitation game on neglect symptoms assessed outside the iVR environment. In the active iVR 
intervention, multisensory stimulation was more frequently presented in the contralesional than the 
ipsilesional visual field, while in the placebo iVR intervention multisensory stimulation was presented 
in the central visual field. We assessed neglect symptoms using a Posner task outside the iVR environ-
ment, given that pen-and-paper neglect tasks often lack test-retest stability (Bailey et al., 2004; Machner 
et al., 2012). We hypothesized that the difference in response times to left- versus right-sided targets on 
the Posner task would decrease more as a function of the active than placebo intervention. In addition, 
clinical pen-and-paper tasks, daily life functioning and a computerized cancellation task were used as 
secondary outcomes. Here again, we hypothesized that the difference in performance between the left- 
and right visual fields would decrease more as a function of the active than placebo intervention. The 
current study aimed to address the impact of our intervention at the cognitive function and activities 
level and not at the participation level.

Second, we assessed the relationship between therapy dose and symptom recovery. To this end, the 
Posner task was administered after 4, 8 and 10 h of therapy. We hypothesized that there would be a larger 
effect of intervention hours on neglect symptoms in a non-iVR environment in the active than placebo 
condition.

Third, we evaluated whether our iVR rehabilitation game can impact non-spatial attention. We hy-
pothesized that patients would improve more in non-spatial attention as a result of the active than the 
placebo iVR intervention.

Fourth, we evaluated training effects inside the iVR environment, as patients may show training ef-
fects that are only present in the iVR environment. Neglect symptoms were therefore assessed inside the 
iVR environment using a visual discrimination task and head orientation. We hypothesized that patients 
would improve within and outside the iVR environment, but that the improvement in the active iVR 
condition would be larger within than outside the IVR environment.

Finally, we evaluated several aspects of the feasibility of our iVR rehabilitation. More specifically, 
we reported the number of successfully recruited relative to referred patients and reported the reasons 
for missing data and drop-out. We also assessed the impact of a first experience with the iVR rehabili-
tation game on user experience and cybersickness. In line with an earlier study (Huygelier, Schraepen, 
et al., 2020), we expected a positive user experience and less cybersickness after than before the iVR 
experience. Last, we monitored cybersickness and user experience throughout the whole intervention 
period and assessed their relationship with the likelihood of drop-out. Here, we hypothesized that 
cybersickness and user experience would remain stable across sessions and would not be related to 
drop-out.

METHOD

Patient recruitment

Patients were recruited from one rehabilitation centre in Flanders (University Hospital Leuven cam-
pus Pellenberg). Patients residing in the rehabilitation unit older than 18 years (no maximum age) 
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with a stroke confirmed by a radiologist and who or their legal representative can provide informed 
consent were included for screening. Patients were excluded after screening when they did not show 
signs of hemispatial neglect for the left side of space (see Procedure section for details), did not have a 
right-hemispheric stroke, were left-handed, when the expected discharge was in a period shorter than 
10 weeks, they had a severe comorbid psychiatric disorder, premorbid diagnosis of a neurodegenerative 
disease, medical safety contra-indications for iVR (e.g., medical electric implants based on EU safety 
guidelines, trepanation and history of epileptic seizures), a severe visual or auditory impairment that 
cannot be corrected while using the iVR system or a severe motor impairment that precludes them 
from using the iVR system. If patients did not meet any of these exclusion criteria, they were invited 
to participate in the clinical trial. Patients or their legal representatives provided written informed con-
sent, and all study procedures were approved by the ethical committee of the UZ Leuven/KU Leuven 
(S61410) and were in accordance with the Helsinki declaration. Our study protocol was preregistered 
at clini​caltr​ials.​gov (NCT03458611). The pre-registered and peer-reviewed stage−1 protocol can be ac-
cessed at https://​osf.​io/​b4xfg​.

IVR rehabilitation and IVR assessment

An iVR application was developed in Unity3D for Oculus Rift CV1 (Oculus Rift | Oculus,  n.d.). 
Responses were registered using the right Oculus Touch Controller, and head movements were logged. 
Detailed information and pilot data of the iVR game are reported in Huygelier et al. (2017) and Huygelier, 
Schraepen, et al. (2020), and the game design is illustrated in a video (available online at https://​doi.​org/​
10.​6084/​m9.​figsh​are.​61945​91.​v2). The design of the iVR game was iteratively optimized based on pilot 
studies with stroke patients and neurologically healthy individuals (Huygelier, Schraepen, et al., 2020).

Patients visited a vegetable garden, lake or forest and performed good deeds for their neighbours 
or friends in the game world (Figure 1). For instance, patients were instructed to catch ladybugs in 
the neighbour's vegetable garden. To finish each level, they had to do two variations of a visual dis-
crimination task. In Task 1, a 1 Hz audio-visual looming (i.e., grows in size and sound intensity) semi-
transparent disk was presented in 50% of the trials for 3 s (Figure 1b). Afterwards, a target was presented 
in front of the white disk for 3 s or until patients made a response. In Task 2, the white disk moved 
from the centre towards the left or right side of the visual field, and once the target appeared, the cue 
disappeared, and the target moved towards the floor (Figure 1c). On each trial, feedback was presented 
to indicate whether the patient's response was correct (i.e., green checkmark), incorrect (i.e., red cross) or 
whether the patient did not make a response (i.e., blue exclamation mark and sound). In 25% of correct 
trials, patients received a score. The score was scaled as a function of the patient's performance. For 
instance, if they accurately discriminated only 25% of targets, they received 4 points; if they accurately 
discriminated 100% of targets, they received 1 point. Each rehabilitation level was completed once pa-
tients had obtained sufficient points.

In the active iVR condition, target locations were presented more often in the contralesional than 
the ipsilesional visual field, using a patient-tailored design. To tailor the ratio of contra- to ipsilesional 
stimulation to each individual patient, we first assessed the patient's spatial attention distribution in the 
iVR environment. In this iVR assessment, patients performed the visual discrimination task in each of 
the scenes (i.e., vegetable garden, lake and forest). Target locations were uniformly distributed within 
an area subtending 30° in the left and in the right side of the visual field and 5° in the upper and lower 
visual field. Targets were presented for 3 s or until a response was made. There were no rewards, and the 
assessment was finished when a total of 225 trials (i.e., 75 trials per scene) were completed. Before each 
scene, patients performed 10 practice trials. A model was estimated on their responses, and this model 
was mirrored along the x-axis to obtain a biased target probability distribution (Figure 1a).

http://clinicaltrials.gov
https://osf.io/b4xfg
https://doi.org/10.6084/m9.figshare.6194591.v2
https://doi.org/10.6084/m9.figshare.6194591.v2
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This probability distribution was used to sample target locations, resulting in more contralesional 
than ipsilesional targets. For instance, a patient who participated in a pilot study with our game detected 
32% of left-sided (<2°), 56% of right-sided (>2°) and 60% of targets in the centre of the visual field 
([−2, 2°]) during the iVR assessment. During the active iVR rehabilitation, 61% of targets were located 
on the left (<2°), 32% were located on the right (>2°) and 7% in the centre of the visual field ([−2, 2°]). 
The target locations appeared at a maximum of 30° in the left and right sides of the visual field and 5° 
in the upper and lower visual field.

In the placebo iVR condition, target locations were sampled from a uniform distribution centred on 0° 
of the visual field with a horizontal angle of 1.5° in the left and right visual field and a vertical visual 
angle of 5° in the upper and lower visual field. All other game aspects were identical between the two 
conditions.

F I G U R E  1   Illustration of patient-tailored design (a) and design of the tasks (b, c). If patients detect less targets for the 
left visual field during the assessment (panel a, left figure), then the probability that a target appears at those locations will be 
higher during rehabilitation (panel a, right figure). In Task 1 (panel b), a cue was presented for 3 s in 50% of trials. Then, the 
target and cue were presented for 3 s or until a response was provided. Afterwards, feedback was presented. In Task 2 (panel 
b), the cue moved towards a location after being presented in the centre of the visual field for 3 s and the target was presented 
without the cue and moved downward. Figure licensed under CC BY 4.0 by the authors. Retrieved from https://​doi.​org/​10.​
6084/​m9.​figsh​are.​12187​710.​v1.
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Materials for screening, primary and secondary outcomes

Semi-structured interview

A clinical psychologist evaluated the eligibility of patients to participate in the study (e.g., history of 
epilepsy, pacemaker and cochlear implant), collected basic demographic information (e.g., date of birth, 
gender, handedness and date of stroke) and obtained information about patients' medical history.

Questionnaires

To evaluate the feasibility of the treatment, we used several questionnaires. Cybersickness was measured 
with the Simulator Sickness Questionnaire (SSQ)41 that was translated to Dutch by our research team. 
Each of the 16 SSQ items was rated on a scale with four levels representing no, mild, moderate or severe 
discomfort. The User Experience scale consisted of 23 items rated on a 5-point Likert scale going from 
totally disagree (1) to totally agree (5), with 3 as a neutral midpoint. Participants answered questions 
about the usability of the touch controllers, their sense of presence and their intrinsic motivation to 
play the IVR game. The motivation items were based on the intrinsic motivation inventory (McAuley 
et al., 1989), and the spatial presence items are translations of the International Test Commission Sense 
of Presence Inventory items (Lessiter et al., 2001). At the end of each game session, we asked partici-
pants whether they experienced any physical discomforts and which discomforts they experienced. We 
also asked them to rate their general game experience that day on a 5-point Likert scale.

To characterize patients' mood and fatigue at the start of the study, we administered two question-
naires in an interview format. We administered the Dutch Hospital Anxiety Depression Scale. We used the 
recommended cut-off score (≥8), which corresponds to an 80% sensitivity and specificity in detecting 
depression and anxiety (Bjelland et al., 2002). In addition, we administered the Dutch Fatigue Severity 
Scale, which has good reliability and validity in stroke patients (Nadarajah et al., 2017).

Neuropsychological pen-and-paper assessment

To screen for general cognitive impairments, the Dutch Oxford Cognitive Screen (OCS-NL) was administered 
(Demeyere, Riddoch, et al., 2015). Age-adjusted norms were used to interpret test scores (Huygelier, 
Schraepen, Demeyere, et al., 2019).

Several pen-and-paper cancellation tasks and a bisection task that are routinely used in clinical prac-
tice by clinical neuropsychologists and occupational therapists were used in screening or as secondary 
outcomes (Checketts et al., 2020; Evald et al., 2020). All tasks were administered on A4 paper in land-
scape orientation. The OCS-NL hearts cancellation task is a cancellation task with 50 full-outlined hearts 
and 150 hearts with a gap on the left or right side. The two parallel versions of the OCS-NL hearts 
cancellation task were administered intermittently across the assessment sessions (i.e., A-B-A-B-A). The 
Random Shape Cancellation task consists of 360 shapes (i.e., 60 targets, 300 distractors) randomly placed 
in an array of 24 cm by 19 cm. The Star Cancellation test (BIT, Halligan et al., 1991) was administered 
following the test manual instructions. To interpret whether there is a significant difference between 
right and left cancellations, we used a Bayesian contingency table test, similar to the approach of the 
Frequentist z-test of proportions (Huygelier, Moore, et al., 2020). We also administered the BIT figure 
copy task (Halligan et al., 1991).

The McIntosh line bisection task was administered (McIntosh, 2017; McIntosh et al., 2005). There are 4 
line conditions (i.e., condition A: line from −4 cm to 4 cm, condition B: line from −8 to 4 cm, condition 
C: line from −4 to 8 and condition D: line from −8 to 8). Each line condition is presented 8 times on 
the page in a randomized order. The page was placed with the middle aligned to the patient's body 
midline. The patient was instructed to mark the middle of each line and tap the table in between each 
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response. Performance was summarized using the endpoint weighting bias (EWB). The cut-off scores based 
on healthy controls are equal to −.125 for right-sided neglect and .075 for left-sided neglect (McIntosh 
et al., 2017). Two parallel versions were administered intermittently.

Finally, we used the Catherine Bergego scale (CBS) (Azouvi et al., 2003; Ten Brink et al., 2013), which is a 
systematic observation scale frequently used by several health disciplines in clinical practice to measure 
how hemispatial neglect affects activities of daily living (Checketts et al., 2020). In addition, patients 
were asked to rate themselves on the scale items, and the difference between their own rating and the 
rating by the examiner was used as a measure of anosognosia (Grattan et al., 2018).

Computerized assessment

Neglect symptoms were measured using several computerized tasks. All computer tasks were admin-
istered on an LCD monitor with a resolution of 1920 by 1080 pixels. Patients were seated approxi-
mately 70 cm from the monitor. All code is written in Python 2.7 using Psychopy 1.90.3 (Peirce, 2007). 
Responses were registered with a standard keyboard or computer mouse.

Posner task
A Posner paradigm was used to measure the primary outcome. We chose exogenous cueing, as a meta-
analysis indicated that neglect patients showed more pronounced spatial attention orientation differ-
ences in exogenous than in endogenous cueing paradigms (Losier & Klein, 2001). Three squares with 
a size of 1.5°, 2 located at 7° to the left and right of the fixation cross and 1 in the centre of the screen 
were presented. A cue (i.e., a colour change of a square) was presented for 100 ms. Subsequently, a tar-
get was presented 150 ms or 1100 ms after cue onset for 100 ms, in the left or right square (size of 1.4°) 
(Figure 2a). Cues and targets appeared on the left or right side of the screen with equal probability. The 
cue was valid (i.e., same side as target) in 40% of trials, invalid (i.e., opposite to target side) in 40% of 
trials or not followed by a target in 20% of trials (i.e., catch trials). Patients had to respond as quickly 
as possible when they saw the target in a 4 s time limit. They had to press the space bar with their right 
hand. After a response or when the time limit passed, the fixation cross disappeared for 1 s to indicate 
the end of a trial. Patients performed 10 practice trials in which feedback (i.e., “correct” or “incorrect”) 
was shown for 1 s. There were 400 experimental trials that were presented in 4 blocks of 100 trials. The 
order of the trials was randomized.

Computerized cancellation task
A computerized cancellation task was administered as one of the secondary outcomes. Targets (i.e., full-
outlined line drawings) and distractors (i.e., line drawings with upper or lower gaps) were presented in 
a grid with a width of 28 cm and height of 18 cm (Figure 2b). At a distance of 70 cm, this corresponds 
to stimuli being placed within a horizontal angle of 11° to the left and right sides and a vertical angle of 
7.3° to the upper and lower sides of the visual field. The grid was divided into 15 equally spaced columns 
and 10 equally spaced rows. Stimuli were located in the grid at 15 horizontal locations, of which their 
position relative to the centre of the screen is: −13.01, −11.2, −9.33, −7.47, −5.6, −3.73, −1.87, 0, 1.87, 
3.73, 5.6, 7.47, 9.33, 11.2 and 13.01 cm. Stimuli were located at 10 vertical locations: −8.1, −6.3, −4.5, 
−2.7, −.9,  .9, 2.7, 4.5, 6.3 and 8.1 cm. The stimuli had a size of .9 by .9 cm. A random amount of jitter was 
added to make the search array disorganized with a maximum displacement of .45 cm.

For each trial, 50 targets and 100 distractors were presented. The target stimuli were spread ran-
domly across the grid. For each set of 3 trials, the target was presented once in each cell. Each trial was 
presented for 4 min or until the patient indicated that he had finished the task by pressing the space 
bar. The patient was instructed to click on the targets using the left mouse button with their right hand. 
Once a target had been clicked, a blue line appeared on the target. A total of 12 trials were presented. 
One practice trial was presented in which 50 targets and 100 distractors were shown, and feedback was 
provided. When the patient clicked on a target stimulus, a green “V” sign appeared and a 400 Hz tone 
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was presented for 150 ms. When the patient clicked on a distractor stimulus, a red “X” sign appeared 
and a 200 Hz tone was presented for 150 ms.

Sustained attention to response task
To measure non-spatial attention, we used the sustained attention to response task (Robertson 
et al., 1997). Numbers from 1 to 9 were presented in a randomized order at a frequency of 1 Hz for 
250 ms with 5 different sizes (Figure 2c). Patients were instructed to press the space bar every time a 
number appeared and to withhold their response when number “3” appeared. They had to do this task 
for a duration of 3.75 min, completing a total of 225 trials (i.e., 25 no-go trials and 200 go-trials). In ad-
dition, 27 practice trials were presented in which a short beep indicated errors.

Design

A placebo-controlled longitudinal study was used. Longitudinal designs are increasingly recognized 
as a more powerful approach relative to pre-post designs (National Research Council (US) Panel on 
Handling Missing Data in Clinical Trials, 2010), since they allow to measure symptom trajectories over 

F I G U R E  2   Procedure of the Posner task and conditions (a), examples of cancellation arrays of the computerized 
cancellation task (b) and procedure of the sustained attention to response task (c). In the SART, patients have to respond to all 
numbers except number “3”.
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time. Given the lack of test-retest stability in commonly used measures of neglect (Bailey et al., 2004), 
this is especially important, as it may provide more reliable assessment of the symptom evolution. In 
addition, a longitudinal design allows to evaluate the dose-response relation.

We administered a placebo and an active version of the iVR game. The order of the placebo and 
active iVR game was counterbalanced between patients, creating two treatment groups (Figure 4a). We 
used a minimization algorithm to allocate patients to a treatment group. The first patient was allocated 
to group A or B using a random number generator. Then, patients were assigned to group A or B in a 
way that minimized the difference between groups in time since stroke.1 This minimization approach 
has been shown to be more effective at balancing prognostic factors between treatment groups than 
stratified randomization for sample sizes of <100 patients (Kernan et al., 1999). As both groups only 
differ in the order of treatments, it is important to match the groups on patient characteristics that may 
influence recovery speed, such as time since stroke. Previous research has indeed established a fast re-
covery of neglect symptoms during the first weeks and a more stable recovery later on (Nijboer 
et al., 2013). Matching the two groups on potential moderators of response to treatment (e.g., age, ano-
sognosia) is less important, as we will compare the active and placebo intervention conditions within 
patients and not between treatment groups.

Patients will not be explicitly informed about the placebo and active intervention. However, 
complete blinding of patients cannot be guaranteed, as patients may notice a difference between 
the interventions. For this reason, we asked patients whether they noticed a difference at the end of 
the follow-up session. The clinician who administered the pen-and-paper assessment and completed 
the behavioural observation scale was blinded to the treatment group. Blinding of the clinician was 
checked by letting them guess the treatment group the patient was allocated to after the follow-up 
session. Important to note is that the intervention was added onto care as usual (e.g., physical, 
occupational therapy). Given that care as usual varies between rehabilitation centres and patients 
(Negrini et al., 2020), we documented the types of therapy and number of therapy hours on a daily 
basis for each patient.

Procedure

First, adult stroke patients were invited to take part in a cognitive screening. When patients provided 
informed consent, three screening sessions were administered on consecutive days (Figure  3a). 
Based on this screening, the eligibility of patients to take part in the clinical trial was evaluated, 
and patient characteristics that may moderate treatment effects were recorded. If the proportion of 
cancelled targets on the left side of the computerized cancellation task was statistically significantly 
lower, according to a Bayesian contingency table test, than the proportion of cancelled targets on 
the right side, patients were considered left-sided neglect patients. The eligible patients were invited 
to take part in the clinical trial.

Patients were trained to use the iVR game. We administered a simulator sickness questionnaire 
(SSQ) before and after iVR exposure and administered a User Experience scale to gauge the patient's 
experience with the game (Figure 3b). In the same week, patients completed an iVR assessment, which 
was used to tailor the game to each patient. Then, patients completed 10 1-h game sessions in the active 
condition and 10 1-h game sessions in the placebo condition.

In addition, patients participated in eight weekly assessment sessions to measure the primary out-
come (i.e., performance on a Posner task) and four secondary assessment sessions in which a battery 
of attention tests was administered. After completing the active and placebo intervention, there is a 
one-week follow-up assessment (Figure 3a). There were 8 parallel versions of the Posner task that only 

 1We calculated the hypothetical average time since stroke for each treatment group if the new patient would be included in either of the two 
groups. Then, we allocated the patient to that group that minimizes the difference. For instance, if patients in group A have an average time 
since stroke of 60 days and group B consists of patients with an average time since stroke of 30 days, a new patient with a time since stroke of 
50 days is best allocated to treatment group B.
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differed in the target shape (Figure 4a). There were five parallel versions of the computerized cancella-
tion task that differed in the line drawings (Figure 4b). The order of the parallel versions was random-
ized between participants and matched between treatment groups A and B. The iVR assessment was 
re-administered when patients switched intervention conditions and after completing both intervention 
conditions (Figure 3a).

This study protocol involved a 1-h daily session. If a session cannot be completed due to practical 
constraints (e.g., technical problems), we shifted all sessions by 1 day. Through this procedure we aimed 
to minimize missing data.

Details of the data analysis are reported in Appendix A.

R ESULTS

Patient recruitment and trial completion

Patients were recruited from the 5th of May 2021 until the 1st of August 2023 at rehabilitation hospital 
UZ Leuven Pellenberg. During this period, 188 patients were invited to participate in this study, of 
which 110 patients enrolled in neglect screening. Reasons for declining participation in the screening 
were not recorded. Seven out of the 110 patients did not complete screening. Only 11 patients showed 
signs of left-sided neglect on the computerized cancellation test. Of those patients, 6 patients enrolled 
in the training phase. The other patients were excluded due to epilepsy (n = 3), no right-hemispheric 
stroke (n = 3) and short hospitalization (n = 3) (Figure 5). Only 2 patients completed the entire cross-over 
protocol (i.e., per-protocol: VR060 and VR088). The other 4 patients (i.e., intention-to-treat patients) 
only completed a single phase of the training (active phase: VR034, VR076; placebo phase: VR080 and 
VR108), as they were released from the hospital before the study ended. Given that we did not reach the 

F I G U R E  3   Trial Flowchart (a) and instruments per session (b). SSQ, simulator sickness questionnaire.

(a)

(b)
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planned minimal per-protocol sample size for our group analysis, we adjusted our data-analysis plan to 
focus on single-case analyses of all cases (see Appendix B).

The age of the patients ranged from 39 to 73 years (Table  1), and patients were recruited 28 to 
237 days post-stroke (Table 1). Lesions were delineated on CT scans (5 out of 6 cases) and 1 FLAIR 
scan manually in MRIcron. Scans were converted from native to MNI space using age-specific CT and 
MRI templates of the Matlab SPM clinical toolbox (Rorden et al., 2012). The lesion volume (Table 1) 
and lesion locations varied across patients (Figure 6). Lesion load in different brain parcels of the Yeo-
Schaeffer atlas (Schaefer et al., 2018) is reported in Appendix C; Table C1. The 6 patients showed signs 
of a spatial bias across several screens for neglect (Table 2).

Delivery of treatment

The six patients played the iVR game for 3.7–6 h per condition (Table 3). The total number of completed 
training trials varied from 974 to 2998 trials across patients and conditions (Table 3). The 10 iVR game 
sessions were delivered in a period of 15–46 days (Table 3). During the period of iVR therapy, patients 
also received treatment as usual at varying dosages (Table 3). Treatment as usual comprised of physical 
therapy (62% of therapy time), occupational therapy (24%) and sessions with the speech therapist or 
neuropsychologist (14% of time). The median position of targets in the active iVR game ranged from 
−15.87° to −8.93° (° = horizontal angle relative to the head) across patients (Table 3). The median posi-
tion of targets in the placebo iVR game ranged from −.17° to .03° across patients.

F I G U R E  4   Parallel versions of the Posner task (a) and computerized cancellation task (b). An example of one sequence 
of the parallel versions is visualized. The sequence of versions will be randomized across participants and matched between 
groups A and B. A, active intervention (red colour); P, placebo intervention (blue-grey colour); PA, primary assessment; SA, 
secondary assessment. The planned therapy dose in hours is indicated per assessment session for the two intervention phases.
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Feasibility of IVR training

At the end of each game session, patients were asked to indicate whether they experienced any physi-
cal discomforts and to rate their general game experience on a 5-point scale. Two patients (VR060 and 
VR080) never reported any physical discomforts. One patient (VR088) only reported physical discom-
forts on 1 session. The remaining three patients reported physical discomforts across multiple sessions, 
such as fatigue, headache, tired eyes or uncomfortable pressure from the VR headset (Table 4). Patient 
VR108 frequently complained of neck pain (70% of sessions). User experience was rated neutral to posi-
tive, except for VR108 who rated his game experience as negative on average (Table 4).

Training effects inside the IVR environment

Performance in the IVR assessment

We investigated whether attention towards left targets improved more after the active iVR training 
compared to the placebo iVR training in the iVR assessment. To this end, we compared performance 
as a function of target location between the baseline, post-placebo and post-active iVR assessments. We 
expected that performance for left-sided target locations would improve more after active than placebo 
training.

Performance for left-sided targets indeed improved more after active than placebo training for pa-
tient VR060, especially for target locations that were located further away from the head midline. That 
is, the probability to respond to a left-sided target at 30° was very low (.04, 95% CI = [.01, .08]) at 
baseline and remained low after placebo training (.04, 95% CI [.01, .09]). After active training, the 
probability increased to .32 (95% CI = [.17, .48]) (Figure 7). For VR088 a similar pattern emerged. That 
is, performance for targets located far from the head midline decreased from the baseline to placebo 
assessment and then improved after active training (Figure 10). The probability to respond to left-sided 

F I G U R E  5   CONSORT flowchart of patient enrolment and reasons for exclusion and drop-out.

Assessed for eligibility
(n = 110)

Excluded (n = 104)
o No left-sided neglect (n = 92)
o Dropped out (n = 7)
o Epilepsy (n = 3)
o No right-hemispheric stroke 

(n = 3)
o Short hospital stay (n = 3)Randomized 

(n = 6)
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Placebo-Active group

(n = 4)

Allocated to 
Active-Placebo group

(n = 2)

Per-protocol 
(n = 2)

Intention-to-treat 
(n = 2)

Intention-to-treat 
(n = 2)
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Reason: 
released from 
hospital (n = 4)
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targets at 30° was significantly higher after active (.36, 95% CI = [.23, .51]) than placebo training (.13, 
95% CI = [.07, .21]).

Patient VR076 improved in target detection across all target locations after the active iVR training 
relative to the baseline assessment (Figure 7). Patient VR080 improved in target detection after placebo 
training, but not for targets located far away from the head midline. That is, at 30°, the probability 
to detect targets was low at baseline (.04, 95% CI = [.02, .08]) and after placebo training (.04, 95% 
CI = [.02,  .09]). Patient VR034 and VR108 did not demonstrate clear signs of left-sided neglect at the 
iVR baseline assessment (Figure 7).

Head orientation in the IVR assessment

We additionally assessed whether patients oriented their head more contralesionally during the iVR as-
sessment after the active and placebo iVR training compared to the baseline assessment.

For VR060, the median direction at the baseline assessment was oriented far to the right 
(Mdn = 56°, concentration2 = .93°). At the post-placebo assessment, the median direction signifi-
cantly changed from baseline and was now close to a straight ahead orientation (Mdn = .8°, concen-
tration = .99°, Rao3 = 5080.7, p < .001). At the post-active assessment, the median direction was 
rightward, but significantly less than at baseline (Mdn = 8.5°, concentration = .97°, Rao = 4305.8, p-
value < .001) (Figure 8).

For VR088, the median direction at the baseline assessment was oriented far to the right 
(Mdn = 47.5°, concentration = .89°). After the placebo training, the median direction was even fur-
ther to the right than the baseline assessment (Mdn = 58.8°, concentration = .91°, Rao = 3364.21, 
p < .001). After the active training, the median direction was leftward (Mdn = −11.7°, concen-
tration = .90) and differed significantly from the baseline assessment (Rao = 4298.27, p < .001) 
(Figure 8).

For VR034, the median direction was far to the right at the baseline assessment (Mdn = 37.5°, con-
centration = .95°). At the post-active assessment, the median direction was even further to the right 
(Mdn = 51°, concentration = .96°, Rao = 3148.48, p < .001) (Figure 8).

For VR076, the median direction was far to the right at the baseline assessment (Mdn = 32.7°, con-
centration = .90°). At the post-active assessment, the median direction was similar to the baseline as-
sessment (Mdn = 33.7°, concentration = .93°). The distributions did differ significantly (Rao = 3958.80, 
p < .001), with the global mode more towards the centre in the baseline assessment than the post-active 
assessment (Figure 8).

For VR080, the median direction at baseline assessment was far to the right (Mdn = 33.9°, concen-
tration = .98°) and less oriented to the right at the post-placebo assessment (Mdn = 28.8°, concentra-
tion = .94°, Rao = 3426.25, p < .001) (Figure 8).

For VR108 the median direction was far rightward at the baseline assessment (Mdn = 50°, concen-
tration = .97°). At the post-placebo assessment, the median direction was significantly less rightward 
(Mdn = 16.7°, concentration = .97°, Rao = 2964.05, p < .001) (Figure 8).

Training effects outside the IVR environment

To assess the efficacy of the active iVR training relative to the placebo iVR training, we assessed the 
effect of the two training conditions on several outcome measures outside the iVR environment.

 2Concentration refers to the mean resultant length of the circular data, representing the spread of the data, ranging from 0 (maximal spread) to 
1 (minimal spread).
 3A non-parametric statistical test was conducted to compare the two circular head orientation distributions.
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Primary outcome measure: Reaction times on the Posner cueing test

The primary outcome measure was the reaction times for invalid cued left targets on the Posner test. 
We predicted a stronger decrease in response times for invalidly cued left targets during active train-
ing than placebo training. In addition, we predicted no increase in response times for invalidly cued 
right targets. Therapy dosage was operationalized as the number of trials that patients completed in 
the placebo and active therapy conditions (as these were not matched, see Table 3). Response times 
were modelled with a shifted lognormal model that can accurately capture the skew typical for re-
sponse time distributions. To obtain a good model fit, the mean and standard deviation of the 
shifted lognormal model4 were allowed to vary over time, and we assumed that response times were 
right-censored (Appendix B).

For VR060, there was evidence in favour of a weaker decrease in mu of the lognormal distribution of 
left-sided response times during the active than placebo therapy phase (.11, 95% CI = [.07, .15], 
PP5(H+) = 1). There was also evidence for a weaker decrease in mu (.03, 95% CI = [.02, .04], PP(H+) = 1) 
and sigma (.05, 95% CI = [.04, .07], PP(H+) = 1) of the lognormal distribution of right-sided response 

 4The mu and sigma of the lognormal distribution do not have a one-to-one relation with the mean and standard deviation of the observed 
response times. Thus, the mean response time can be higher either by an increase in the mu or sigma of the lognormal distribution.
 5PP = posterior probability of the one-sided hypothesis that the coefficient is positive (+) or negative (−).

F I G U R E  6   Lesion overlays of each patient on the MNI 152 template included in MRIcroGL depicted in neurological 
convention (left hemisphere on left side). Patient VR080 had an acute ischemic stroke in the right hemisphere but also an old 
lesion related to a resected meningioma in the left hemisphere.
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times during the active than placebo therapy phase. The latter resulted in a reduced rate of change in the 
mean response times for the left and right visual field during the active therapy phase relative to the 
placebo phase, in contrast to what was predicted (Figure 9).

For VR088 there was evidence in favour of a weaker decrease in sigma of the lognormal distribu-
tion of response times for left-sided targets during the active than placebo therapy phase (.03, 95% CI 
[.01, .05], PP(H+) = .99). The latter results in a reduced rate of change in the mean response times on 

T A B L E  2   Performance on pen and paper screening tests for neglect and visual field deficits.

Test Outcome Max

Per-protocol 
patients Intention-to-treat patients

VR060 VR088 VR034 VR076 VR080 VR108

OCS-NL visual field Total 4 1 3 4 2 2 4

R-L 2 1 1 0 2 2 0

OCS-NL hearts cancellation Total 50 14 23 37 13 27 42

R-L (ego) 20 6 −1 4 7 5 0

R-L (allo) 50 14 2 0 9 6 0

Star cancellation Total 54 31 47 51 37 19 54

R-L 27 11 5 −1 11 5 0

Weintraub cancellation Total 60 30 47 45 32 3 56

R-L 30 8 13 9 18 1 4

McIntosh line bisection EWS 1 .63 .34 .48 .49 .13 .85

EWB 1 .20 .45 .28 .28 .29 .23

CBS (observer)a Total 30 6 18 5 10 12 12

CBS (patient) Total 30 10 12 16 10 5 7

Figure copy test Total 3 1 1 3 1 0 3

Abbreviations: allo, allocentric neglect; CBS, Catherine Bergego Scale; Ego, egocentric neglect; Max, maximal score one can obtain on the test; 
OCS-NL, Dutch version of the Oxford Cognitive Screen; Scores in bold indicate neglect according to published cut-offs.
aCBS was administered and scored following the Kessler Foundation Neglect Assessment Procedure by the research team (Chen et al., 2015).

T A B L E  3   Delivery of treatment and treatment dosage of placebo and active IVR training.

Patient
Training 
condition Left targets (%)

Position targets 
(°Mdn, SD)

Total 
playtime 
(h)

Trials 
(n)

Duration 
(days)

TAU 
(h)a

Per-protocol patients

VR060 Placebo 49 .03, .88 5.50 1790 15 5

Active 70 −8.93, 14.06 5.96 2998 19 17

VR088 Placebo 50 .00, .89 5.25 1278 26 28

Active 71 −10.44, 15 5.04 2686 15 28

Intention-to-treat patients

VR034 Active 100 −15.87, 8.7 3.95 1964 15 28

VR076 Active 66 −10.00, 16.53 5.63 974 28 25

VR080 Placebo 55 −.17, 6.11b 3.68 1104 32 17

VR108 Placebo 51 −.01, .85 4.24 1230 46 17

Abbreviation: TAU, treatment as usual.
aTotal number of hours of treatment as usual recorded across the training period.
bThe spread of targets is larger for this patient as the VR game settings were accidentally set to the active condition for 1 session (encompassing 
12% of all training trials). The data of this patient were still included in the analyses as the median position of all training trials was close to 0°.
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the Posner test for the left visual field during the active therapy phase relative to the placebo phase, in 
contrast to what was predicted (Figure 9). For right-sided targets, there was no statistically significant 
difference between the active and placebo therapy phases (mu: −.01, 95% CI = [−.02, .01]; sigma: .01, 
95% CI [−.01, .03]) (Figure 9).

F I G U R E  7   Estimated performance as a function of target location in the iVR environment for the baseline, post-
placebo and post-active assessments for all cases. The ribbon represents the 95% credible interval of the posterior predictive 
distribution.

T A B L E  4   Physical discomforts and user experience on a 5-point scale across VR game sessions.

Patient Physical discomforts (% sessions) User experience M (SD)

Per-protocol patients

VR060 0 3.2 (.5)

VR088 5 4.2 (.4)

Intention-to-treat patients

VR034 30 3.6 (.7)

VR076 39 3.4 (1.0)

VR080 0 4.1 (1.7)

VR108 70 2.6 (1.2)
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For VR034, there was no evidence in favour of faster response times over time for the left (mu: .01, 
95% CI = [−.00, .02]; sigma: −.00, 95% CI = [−.01, .01]) and right visual field (mu: .00, 95% CI [−.01, .02]; 
sigma: .01, 95% CI [−.01, .02]).

For VR076, there was a significant reduction in mu of the lognormal distribution of response times 
for left-sided targets (−.08, 95% CI = [−.14, −.02], PP(H−) = 1), but no significant change in sigma of 
the lognormal distribution for left-sided targets (−.00, 95% CI = [−.04, .04]). There were no statistically 
significant changes in response times for right-sided targets (mu: −.01, 95% CI [−.04, .03]; sigma: −.02, 
95% CI [−.04, .01]).

For VR080 there was no statistically significant change for the left visual field (mu: −.01, 95% 
CI = [−.04, .03]; sigma: −.00, 95% CI [−.03, .02]). The mu of the lognormal distribution of response 
times for the right visual field decreased (−.01, 95% CI [−.02, .00], PP(H−) = .95) and sigma increased 
(.02, 95% CI [.00, .04], PP(H+) = .99).

For VR108, there was no significant change in the response times for left-sided targets (mu: −.00, 
95% CI [−.02, .01]; sigma: .01, 95% CI [−.01, .02]) (Figure 9). For the right visual field, there was an in-
crease in mu of the lognormal distribution (.01, 95% CI [.00, .03], PP(H+) = .98) and a decrease in sigma 
(−.03, 95% CI [−.05, −.02], PP(H−) = 1).

Secondary outcome measures of spatial bias

In addition, four secondary outcome measures of spatial bias were used to assess the efficacy of the 
iVR training outside the iVR environment. The secondary outcome measures were not registered at 
intermediate therapy dosages but followed an interrupted time series design, often used in single-
case research (Turner et al., 2020). For the per-protocol cases, changes in performance during the 
active therapy phase were compared to the preceding baseline-placebo phase. For intention-to-treat 
cases, performance was compared between a therapy phase and the two baseline measurements. We 
predicted a stronger improvement for left-sided targets as a result of the active therapy compared to 
the first phase (placebo phase for per-protocol patients and baseline phase for intention-to-treat pa-
tients). To integrate evidence across the secondary outcome measures, we used a Bayesian Evidence 
Synthesis method developed by Kuiper et al. (2013). This technique allows to synthesize evidence 
across multiple statistical tests.

For VR060, there was evidence in favour of a stronger improvement during the active therapy phase 
than the placebo phase on the computerized cancellation test (PP6(H+) = 1) and on the Hearts cancel-
lation test (PP(H+) = .61; PP(H0) = .31, PP(H−) = .08), but not on the Line Bisection test (PP(H+) = .02, 
PP(H0) = .12, PP(H−) = .86). Results for the CBS were inconclusive (PP(H+) = .31; PP(H0) = .42, 
PP(H−) = .28). Across tests, there was evidence for stronger improvements during the active phase than 
the placebo phase (PP(H+) = 1).

For VR088, there was evidence in favour of a reduced improvement during the active therapy 
phase than the placebo phase on the computerized cancellation test (PP(H+) = .01, PP(H0) = .06, 
PP(H−) = .94), the Hearts cancellation test (PP(H+) = .09, PP(H0) = .33, PP(H−) = .59) and on the 
Line Bisection test (PP(H+) = .07, PP(H0) = .29, PP(H−) = .64). Results for the CBS were incon-
clusive (PP(H+) = .28, PP(H0) = .42, PP(H−) = .31). Across tests, there was evidence for reduced 
improvements during the active therapy phase than the placebo phase (PP(H+) = .00, PP(H0) = .02, 
PP(H−) = .98).

For VR034, there was evidence in favour of more improvement during the active therapy than 
the baseline phase on the computerized cancellation test (PP(H+) = .69; PP(H0) = .26, PP(H−) = .06). 
However, this was not consistent with the Hearts cancellation test (PP(H+) = .06; PP(H0) = .28, 
PP(H−) = .66). The CBS was inconclusive (PP(H+) = .25; PP(H0) = .42, PP(H−) = .33). Across tests, ev-
idence was inconclusive (PP(H+) = .21; PP(H0) = .56, PP(H−) = .23).

 6PP = posterior probability.
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For VR076, there was evidence in favour of more improvements during the active therapy phase 
relative to the baseline phase on the computerized cancellation test (PP(H+) = .74, PP(H0) = .22, 
PP(H−) = .04). Results for the other tests did not provide clear evidence in favour of any of the 
three hypotheses (Hearts cancellation: PP(H+) = .48; PP(H0) = .38, PP(H−) = .13; Line Bisection: 
PP(H+) = .40; PP(H0) = .41, PP(H−) = .18). Across tests, there was evidence in favour of more im-
provements during the active therapy phase relative to the baseline phase (PP(H+) = .80, PP(H0) = .19, 
PP(H−) = .01).

For VR080, results for the Line Bisection test and CBS were inconclusive (Line Bisection: 
PP(H+) = .16, PP(H0) = .41, PP(H−) = .43; CBS: PP(H+) = .14, PP(H0) = .39, PP(H−) = .47). Across tests, 
evidence was inconclusive (PP(H+) = .06, PP(H0) = .41, PP(H−) = .53). For patient VR080 the cancella-
tion tests were omitted from the analyses as the patient could not discriminate targets from distractors 
(see Appendix D). Patient VR108 could not be included in these analyses as the second baseline mea-
surement was missing (see Appendix D).

F I G U R E  8   A wind rose diagram (frequencies) of head rotation (angles in degrees) during the IVR assessments for each 
patient (yaw rotation). 0° = straight ahead, <0° = left, >0° = right.
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Secondary outcome measure of sustained attention

In addition to assessing the effect of the training on the spatial attention bias, we assessed its effect on 
non-spatial attention. To this end, we analysed performance on the SART (i.e., response times on go-
trials and false alarms on no-go trials) over time (i.e. days since the start of observations). For the per-
protocol cases, changes in performance during the active therapy phase were compared to the preceding 
baseline-placebo phase. For intention-to-treat cases, performance was compared between a therapy 
phase and the two baseline measurements.

For VR060, there was no statistically significant difference in the change of false alarms on the 
SART across time relative to the placebo phase (−.08, 95% CI [−.17, .00], PP(H−) = .97), nor for re-
sponse times (Mean: 0, 95% CI [.00, .00], PP(H−) = .65; SD: .00, 95% CI [−.01, .01], PP(H−) = .20). For 
VR088, there was no statistically significant difference in the change of false alarms across time on the 
SART relative to the placebo phase (.02, 95% CI [−.05, .1], PP(H−) = .27), nor was there evidence in 
favour of an increased reduction over time in response times (Mean: .00, 95% CI [.00, .01], PP(H−) = .21; 
SD: −.01, 95% CI [−.02, .00], PP(H−) = .89).

F I G U R E  9   Performance on the primary outcome measure (i.e., Posner cueing test) of all patients as a function of 
cumulative treatment dosage in the VR game (number of trials divided by 100) and as a function of treatment condition 
(i.e., placebo versus active). For the two per-protocol-cases performance at the follow-up session (f ) is also depicted. The 
round dots are the mean of the posterior predicted censored response times, while the square is the observed censored mean 
response times. Error bars are the 95% credible intervals of the posterior predictive distributions.
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For VR034, there was no statistically significant stronger improvement over time on the SART 
during the active therapy phase relative to the baseline phase (False alarms: PP(H−) = .22; Mean RTs: 
PP(H−) = .94; SD RTs: PP(H−) = .00). For VR080, there was evidence for a significant difference in 
change over time in false alarms during the placebo therapy phase relative to the baseline (−.16, 95% 
CI [−.28, −.05], PP(H−) = 1), but no evidence for increased improvement in response times (Mean: 
PP(H−) = .00; SD: PP(H−) = .41) (Figure 10). Patient VR108 could not be included in these analyses as 
the second baseline measurement was missing (see Appendix D).

Transfer: Effects inside the iVR environment versus outside the iVR 
environment

To evaluate the possibility that training effects were selective to the iVR environment but did not 
transfer to tests administered outside the iVR environment, we compared improvements from pre- (i.e., 
assessment before the post-active assessment) to post-active training between the iVR assessment and 
the computerized cancellation test. In case of a lack of transfer, we would expect stronger improvements 
for left targets on the iVR assessment compared to the computerized cancellation test. There was, how-
ever, no evidence in support of this hypothesis for patient VR034 (PP(H−) = .19), VR076 (PP(H−) = .14) 

F I G U R E  1 0   Results of the Sustained Attention to Response Task. Estimated probability of responses on no-go 
trials (top row) and estimated response times on go-trials (bottom row) across repeated assessments (days since start of 
observations). The grey dashed line is the extrapolated trend based on the first phase (before active therapy for per-protocol 
cases and before therapy for intention-to-treat cases). For cases VR076 and VR108, there were timepoints missing, and they 
were not further analysed. The open dot is the estimated mean value, the error bar is the 95% credible interval of the posterior 
predictions, and the full dot is the observed mean value.
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and VR060 (PP(H−) = .00) (Figure 11). For patient VR088, evidence was in support of the hypothesis 
(−.63, 95% CI [−1.52, .27], PP(H−) = .92), but this may result from a high performance at the baseline 
assessment in the cancellation test (Figure 11). Detailed results of all regression models are reported in 
Appendix E; Tables E1–E6; Figures E1–E4.

DISCUSSION

Low feasibility of the planned and preregistered protocol

We initially planned to investigate the efficacy and feasibility of a novel iVR treatment for hemispatial 
neglect. Existing treatments focused on enhancing attentional orientation towards the left visual field 
using cueing (e.g., visual scanning therapy). However, these conventional approaches were not tailored 
to the patient's visuospatial attention distribution nor used head-contingent spatial cueing. We hypoth-
esized that spatially biased head-contingent multisensory cueing would result in accelerated improve-
ments in the visuospatial bias relative to unbiased head-contingent cueing. The study we planned (and 
preregistered) to test this hypothesis proved infeasible, which we now recognize as a key finding. While 
our goal was to include at least 8 stroke patients who met the per-protocol criteria, we were only able 
to recruit 2 per-protocol patients over a 2-year period. This shortfall was primarily due to the stringent 
preregistered in- and exclusion criteria (i.e., patients with left-sided neglect following a right-hemispheric 
stroke, as determined by a computerized cancellation test) and the demands of the intensive training 
and assessment protocol (i.e., 10 weeks, 5 sessions per week, 1-h sessions). Out of 110 screened patients, 
only 6 met the eligibility criteria, and the high drop-out rate (4 out of 6 patients) further compromised 
our ability to reach the study's predetermined endpoints. As a result, we made the decision to conclude 
the study prematurely and focus on discussing the low feasibility of our protocol as a central outcome.

F I G U R E  1 1   Estimated proportion detected (IVR) or cancelled (computerized cancellation test) targets as a function of 
time (pre- and post-active training), task (IVR or cancellation task) and visual field for each case completing active training. 
The error bars represent the 95% credible intervals of the posterior predictive distributions, and shapes represent the mean 
estimate.
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One key challenge was that the prevalence of neglect in our screened sample was lower than an-
ticipated, that is, 10% rather than the expected 30% in the subacute phase (<3 months post-stroke) 
(Esposito et al., 2020). This discrepancy may be partially due to our use of a more stringent diagnostic 
criterion, which classified patients as having neglect only if they showed a statistically significant differ-
ence in the proportion of cancelled targets between the left and the right visual field on a computerized 
cancellation task. This method offers higher specificity compared to many conventional diagnostic ap-
proaches, as it better distinguishes true spatial biases from non-spatial errors and reduces false positives 
often caused by multiple comparisons (Huygelier et al., 2021; Huygelier, Moore, et al., 2020). While this 
conservative criterion may have contributed to the lower prevalence, it is also possible that the decreas-
ing severity of stroke played a role. Stroke severity and post-stroke disability have been declining over 
time, likely due to advancements in preventive healthcare and acute stroke care (Bernegger et al., 2022; 
Koton et al., 2018; Toyoda et al., 2022; Wafa et al., 2020). Consequently, the current prevalence of severe 
neglect may be lower than previously reported in the literature. These results underscore the importance 
of developing standardized and evidence-based criteria for diagnosing hemispatial neglect. Such criteria 
could include the utilization of standardized test batteries with minimal redundancy, the establishment 
of core outcome measures and the definition of sensitive and specific diagnostic cut-offs. By adopting 
these practices, we can achieve more consistent prevalence rates across various settings, improve the 
comparability of patient samples in research and ultimately pave the way for more effective clinical 
trials.

A second factor contributing to the low number of per-protocol patients was the planned fre-
quency of sessions (47 sessions over a 10-week period), which proved unfeasible for stroke patients 
residing in a Belgian rehabilitation facility. The intense protocol was indeed difficult to accommo-
date alongside treatment as usual and required rest times. This highlights the need for more efficient 
training tools that can target multiple outcomes (e.g., motor functioning, visuospatial functioning) 
in a synergistic fashion. Such tools can be of interest to multiple therapeutic disciplines and could 
be more easily integrated into patients' rehabilitation schedule. Additionally, the current protocol 
was further intensified and lengthened by the high number of assessment sessions. Simplifying the 
protocol by reducing the number of outcome measures to an agreed-upon evidence-based test bat-
tery, focused on minimal redundancy, high sensitivity and specificity, would improve feasibility in 
future trials.

Importantly, the results showed that neglect patients are likely to adhere to an iVR-based neglect 
training protocol. All 6 patients completed at least 10 training sessions (in addition to multiple assess-
ment sessions), demonstrating good adherence. Moreover, iVR training was generally well-tolerated 
by the patients. Although some patients reported mild physical discomfort, none experienced severe 
cybersickness or dropped-out due to discomfort. In fact, previous studies have shown that stroke pa-
tients tend to report fewer cybersickness complaints after iVR than before iVR exposure (Huygelier, 
Schraepen, et  al.,  2020). These findings suggest that VR training is a promising avenue for further 
exploration in the treatment of post-stroke neglect.

Improvements in performance and head orientation in the iVR environment

Although we were unable to perform the planned group analysis due to the study's low feasibility, we 
conducted single-case analyses to gain some preliminary insights into the potential rehabilitation effects.

Some of the results were in line with our expectations and suggest a potential positive effect of spa-
tially biased iVR training. That is, we found that the two per-protocol patients detected more targets at 
locations further to the left of their head midline after the spatially biased (active) iVR training relative 
to the unbiased (placebo) iVR training inside the iVR environment. The iVR spatially biased training 
can thus reduce the head-contingent visuospatial bias inside the iVR environment. The latter requires 
further confirmation in larger samples. Interestingly, the results of our cases contrast with an earlier 
study that reported that neglect patients only improved on an endogenous Posner test (with central cue), 
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but not on an exogenous Posner test (peripheral cue) (Turgut et al., 2021). In our study, patients seemed 
to learn to orient attention towards peripheral visual targets in the left visual field after training with 
peripheral cues. This difference in results may be related to the use of multisensory rhythmic looming 
cues to promote attentional orientation towards the contralesional visual field. Previous studies have 
indeed shown that healthy individuals were better able to attend to visual signals when they were cou-
pled to a rhythmic auditory signal (van Ee et al., 2009) and recent studies have shown beneficial effects 
of multisensory cues for rehabilitation of hemianopia and spatial neglect (Làdavas et al., 2020; Rowland 
et al., 2023).

In addition, we observed inconsistent effects of the iVR active training on head orientation. These 
inconsistencies are likely due to the absence of explicit instructions regarding head orientation and the 
head-contingent design, which allowed patients to complete the task regardless of their head orienta-
tion. Notably, in one case, the data suggested a positive and selective impact of the spatially biased iVR 
training on head orientation. This result suggests that the patient not only learnt to orient attention to 
the contralesional side of space when task-relevant but also showed a reduced preference to orient to-
wards the ipsilesional side of space. In line with our results, a recent study demonstrated positive effects 
of active exploration training requiring patients to rotate their trunk towards the contralesional side on 
measures of spatial neglect (Stammler et al., 2023). The results of the current study and the study by 
Stammler et al. (2023) may suggest a bidirectional interaction between biases in spatial attention and 
biases in body orientation.

Noteworthy is the fact that effects on performance in the iVR environment were clear after 10 iVR 
sessions in which patients played the active iVR game for 5–6 h, completing more than 2500 repetitions 
of the iVR task. After this treatment dosage, there was still a considerable tendency to ignore left-sided 
stimuli in the iVR task. A higher therapy dosage (i.e., more task repetitions) may thus be required to 
increase therapeutic effects. Indeed, recent studies have confirmed that higher therapy dosages are 
effective in improving post-stroke outcomes such as arm functioning and visuospatial neglect (Chen 
et al., 2022; Lohse et al., 2014; Winstein et al., 2019). Therefore, an improved study protocol with a 
higher dosage of active therapy is recommended to adequately assess the efficacy of iVR spatially biased 
training.

No evidence for superior effects on measures outside the IVR environment

While the spatially biased iVR training appeared to have a selective effect within the iVR environment, 
we found no consistent evidence supporting a generalized treatment effect on non-iVR tasks. Moreover, 
due to the small per-protocol sample size, drawing firm conclusions on this matter remains challenging.

The lack of evidence for a superior effect may result from several factors. A first reason may be that 
the outcome measures outside the iVR environment only captured biases in a small area of the visual 
field, while the superior effect of the spatially biased iVR training was mostly evident for more eccentric 
target locations in the iVR task. Thus, a potential superior effect of the iVR spatially biased training 
relative to the unbiased training may not have been detectable within this small area of the visual field 
measured by the non-iVR tasks.

The challenge of achieving task-specific training effects instead of broader, generalized effects has 
been a persistent issue. Indeed, research on executive function training has, for instance, demonstrated 
near-transfer effects (impact on closely related tasks) but no far-transfer effects (impact on tasks that 
are loosely related to the trained task) (Smid et al., 2020). Although all outcome measures in the current 
study aim to measure visuospatial attention biases, the cognitive processes recruited by the tasks may 
vary too extensively to result in generalized training effects. Although training of higher cognitive 
functions has often failed to provide convincing evidence for generalizable effects (Smid et al., 2020), 
studies on cats have provided clear evidence for the possibility to restore visual functions using multi-
sensory training after inducing lesions (Stein & Rowland, 2020). These studies have demonstrated that 
repetitive functional training can result in restorative treatment effects and suggest that rehabilitation 
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should not solely focus on compensatory strategies for ameliorating visuo-perceptual deficits. Studies 
have also identified positive effects of audiovisual stimulation for hemianopia and neglect after stroke 
(Tinga et al., 2015), warranting further research into multisensory restorative rehabilitation for hemi-
anopia and neglect.

The lack of evidence supporting a superior effect of active iVR training on non-iVR outcome mea-
sures should not be interpreted as evidence that the iVR training is inherently ineffective. In our com-
parison, we focused on two training conditions differing solely in the spatial distribution of cueing. This 
comparison does not shed light on potential holistic effects of iVR training in contrast to conventional 
therapy. The latter is plausible as previous studies demonstrated that non-spatial attention training had 
positive effects on spatial biases (Van Vleet & DeGutis, 2013; Vleet et al., 2020). Thus, the spatially 
unbiased (placebo) iVR training may have had a positive impact on the patient's neglect symptoms. It 
is thus important to further evaluate the efficacy of the iVR training as a whole relative to a dosage-
matched inactive condition.

Large interindividual variability

The current study also clarified that selecting patients for the iVR training based on the performance 
on the computerized cancellation test was not ideal. That is, two patients (i.e., VR034 and VR108) did 
not demonstrate clear spatial biases in task performance on the iVR task at baseline, although they did 
have a statistically significant bias on the computerized cancellation test. These two cases were unlikely 
to benefit from the spatially biased iVR training given their high baseline performance.

There may be several reasons why spatial biases on the computerized cancellation tasks did not 
correspond with spatial biases on the iVR task for all patients. A first reason is the fact that the 
cancellation task involves a stronger motor component than the iVR task. That is, to mark a target 
on the computerized cancellation test, patients have to move their ipsilesional limb towards contral-
esional space (although they do not need to cross the midline as in a pen and paper cancellation test). 
Cancellation tests likely represent a mix of biases in spatial attention and directional hypokinesia 
(Sapir et al., 2007). This motor component is absent in the iVR task. Consistent with this interpreta-
tion, patient VR108 had a lesion affecting the putamen, which has been linked to directional hypoki-
nesia in previous research (Sapir et al., 2007). A second reason for differences between tasks may be 
the differential involvement of top-down versus bottom-up attention in the cancellation test versus 
the iVR task. That is, in the cancellation test, targets are static, and patients have to guide their visual 
search towards the left visual field. In the iVR task, targets are brief onsets that can capture attention 
in a stimulus-driven fashion. Thus, it may be possible that these two patients had a selective deficit 
in top-down attention and not in stimulus-driven attention. However, the latter interpretation is not 
consistent with studies reporting more severe deficits in exogenous than endogenous attention in 
neglect (Bartolomeo & Chokron, 2002; Losier & Klein, 2001) and with the fact that the lesion of 
VR034 did not selectively affect the dorsal attention network, which is considered to be important 
for top-down attention (Corbetta & Shulman, 2011). Another possibility may be related to the fact 
that targets were presented within peri-personal space (i.e., within reaching space) in the cancel-
lation test and extra-personal space (i.e., outside of reaching space) in the iVR task. Studies have 
indeed reported that certain patients have selective deficits in peri- or extra-personal space (Aimola 
et al., 2012; Cowey et al., 1994; Stoep et al., 2013; Ten Brink et al., 2019). Last, the differences be-
tween tasks may merely be related to the sensitivity of the tests rather than the specific cognitive 
processes involved in the tests. That is, the time pressure in the iVR task (3 s response window) may 
not have been sufficient to detect a spatial bias. Indeed, in the Posner test, these two patients were 
much faster to detect targets in the left visual field (responding in less than 1 s) in comparison to 
the other patients (responding in 2–3 s). These results highlight the need for fundamental research 
to clarify why patient performance on tests of visuospatial attention is often inconsistent. Such 
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research is crucial for improving evidence-based guidelines for neglect assessment and conducting 
clinical studies that can offer clear, reliable evidence regarding treatment effects.

Going from group-based randomized controlled trials to single-case studies?

Despite several limitations, the current study also has several strengths. First, our study protocol and 
analysis plan were pre-registered, preventing us from deviating from our initial study plan. Although the 
latter offered us little flexibility to adjust our study protocol, it does increase insight into which clinical 
trial designs for neglect are feasible. This offers maximal transparency and may guide others in design-
ing rehabilitation studies in the future.

Second, we used a longitudinal design paired with computerized tests to quantify neglect recov-
ery over time. The latter enabled us to obtain precise estimates of spatial bias at the single-case level 
and consider patients' individual recovery trajectories. Our single-case data clearly demonstrates pro-
nounced interindividual differences in trends over time and severity of spatial biases between patients. 
These results suggest that group-level analysis on small samples likely masks important interindividual 
differences and may be sensitive to outliers. Deciding which treatment to implement for neglect merely 
based on statistically significant group-level effects and generalizing the grand average to all patients 
is unlikely to maximize the treatment effect, as Lee Cronbach already noted in 1957 (Cronbach, 1957). 
Single-case interrupted time series designs, frequently used when randomized controlled trials are not 
feasible (Turner et al., 2020), may thus be an important way forward for neglect rehabilitation research. 
Rehabilitation needs to be effective at the single-case level, and understanding who can benefit from 
which treatment at what point in time is the way forward. To this end, future neurorehabilitation studies 
should embrace rather than hide interindividual heterogeneity and embark on fundamental studies that 
can identify why these differences occur.

Conclusion

In conclusion, our results showed that a longitudinal, cross-over, placebo-controlled study to investigate 
iVR rehabilitation was not feasible. Low enrolment and high drop-out rates prevented us from conclu-
sively evaluating the efficacy (and potential superiority) of spatially biased iVR training compared to 
spatially unbiased iVR training. However, the preliminary single-case analyses revealed several inter-
esting findings that warrant further research. First, the spatially biased head-contingent multisensory 
cueing in our 2 per-protocol cases resulted in notable improvements in task performance within the iVR 
environment. These effects in the iVR environment were evident after 10 sessions. Our study, however, 
did not provide consistent evidence supporting superior treatment effects of the spatially biased iVR 
training on measures outside the iVR environment. This may be attributed to the specificity of outcome 
measures or a lack of transfer of training effects and requires more investigation.

Although the study encountered challenges with feasibility, it is important to emphasize that the 
iVR training demonstrated safety. Based on our findings, future research should investigate the broader 
effects of iVR training compared to conventional therapy, using an optimized study protocol. More gen-
erally, the development of evidence-based, standardized guidelines for neglect assessment is essential to 
advance the field of neglect rehabilitation.
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A PPEN DI X A

DATA ANALYSIS (PLAN PRIOR TO START OF STUDY)

A.1  |  DESCRIPTION OF PATIENT SAMPLE
We will report the mean, median, standard deviation, and range of a patient's age in years, years of 
formal education and time since stroke (i.e., days between hospital admission and first screening ses-
sion). We will report the number of men and women. We will also report the results from the meas-
ure of anosognosia, post-stroke depression and post-stroke fatigue. We will report on which subtests 
patients performed lower than age-adjusted cut-offs on the OCS-NL and how patients performed on 
the neglect tasks at screening. In addition, we will report the number of patients with ischaemic versus 
haemorrhagic stroke and visualize the lesion locations. Lesions will be delineated on clinical computer 
tomography (CT) or Fluid-attenuated inversion recovery (FLAIR) or T2-weighted magnetic resonance 
imaging (MRI) scans using the Matlab Clusterize toolbox (de Haan et  al.,  2015) or manually using 
MRIcron. Scans will be converted from native to MNI space using age-specific CT and MRI templates 
of the Matlab SPM clinical toolbox (Rorden et al., 2012). Moreover, we will test whether there was a dif-
ference between the time since stroke between treatment groups A and B using a Bayesian paired t-test. 
These data will be reported for the per-protocol and intention-to-treat samples.

A.2  |  QUALITY MONITORING OF CLINICAL TRIAL PROCEDURE AND 
MISSING DATA
We will report the number of protocol deviations, type of deviation and reason for deviations (e.g., 
technical problems, patients not available). In addition, to evaluate the extent to which patients and 
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assessors were blinded, we will report the percentage of accurate guesses of the intervention conditions. 
Furthermore, we will report the number of hours and types of daily therapy (e.g., occupational therapy, 
physical rehabilitation) that patients received in the rehabilitation unit. Last, we will report the ratio of 
contra- and ipsilesional stimulation in the IVR game and the total number of hours that patients used 
the IVR game in the placebo and active IVR conditions. Any technical problems with the IVR game 
will also be reported.

Our efficacy analyses will be performed on the per-protocol sample (i.e., patients who complete at least 
80% of sessions), because it is crucial that there is no difference in the number of completed assessments 
between the placebo and active intervention for our within-subject comparison. To assess the extent to 
which the per-protocol sample represents the intention-to-treat sample, we will report on the prevalence of 
early drop-out and the missing data pattern. In addition, we will report the reasons for early drop-out.

A.3  |  PLANNED ANALYSES
A.3.1.  |  What are the effects of an active IVR intervention compared to a placebo IVR 
intervention and its relationship with therapy dose on neglect symptoms outside the IVR 
environment?
Our primary outcome measure is the response times on invalid-cued targets for the shortest SOA on the 
Posner task. We will test whether there is a stronger decrease in the difference between left- and right-
sided performance on the Posner task for the active compared to the placebo intervention. Moreover, 
we will test whether performance improves or remains stable for the left and right visual fields. In ad-
dition, we will evaluate the relation between therapy dose and the change in the left- and right-sided 
performance. To this end, we will estimate the primary outcome as a function of the main effects of 
therapy dose (i.e., 4, 8 and 10 h of intervention), type of intervention (i.e., placebo and active) and visual 
field (i.e., left and right side), their pairwise interactions and three-way interaction.

If there is no evidence in favour of a group treatment effect for our primary outcome, we will explore 
whether there is evidence in favour of between-subject differences in the treatment effect. To inform 
future research, we will then explore whether between-subject differences in the treatment effect may 
be related to anosognosia, post-stroke depression, post-stroke fatigue and lesion neuro-anatomy.

We will additionally evaluate the treatment effect on our secondary outcomes: the proportion of cancelled 
targets on the computerized cancellation task, the proportion of cancelled targets on the OCS-NL 
hearts cancellation task, CBS score and EWB score on the McIntosh line bisection task. For the sec-
ondary outcomes, we will test the main effect of the test moment (i.e., pre- or post-treatment), type of 
intervention and the effect of visual field (i.e., left versus right), their pairwise interactions and three-way 
interaction.

A.3.2.  |  Does non-spatial attention outside the IVR environment recover due to IVR 
spatial attention training?
Additionally, we will evaluate whether potential improvements as a result of the IVR training are 
specific to spatial attention or generalize to non-spatial attention. To this end, we will evaluate 
whether patients improve on the sustained attention to response task more during the active than 
the placebo intervention. To evaluate this hypothesis, we will estimate performance on the sus-
tained attention to response task as a function of the test moment and intervention type and their 
interaction.

A.3.3.  |  Are training effects inside the IVR environment larger than outside the IVR 
environment?
If patients do not improve on any of our outcomes obtained outside the IVR environment, it is im-
portant to establish whether patients improved inside the IVR environment. The latter can clarify 
whether training effects in the IVR environment may not have transferred. To test this, we will com-
pare the effect of our intervention between two within-subject conditions: the IVR assessment and the 
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computerized cancellation task. We selected these two outcome measures, as performance on these two 
tasks is measured on a similar scale (i.e., proportion of detected targets). To test our hypothesis, we will 
estimate the proportion of detected targets as a function of the main effect of test moment, interven-
tion, visual field (i.e., left versus right) and task and include their interactions.

Additionally, to assess the extent to which patients improve inside the IVR environment, we will 
evaluate whether patients make more head movements towards the left visual field in the IVR assess-
ment after the IVR training compared to before. We hypothesize a stronger increase in left-oriented 
head movements as a result of the active than the placebo IVR training. To test this hypothesis, we will 
estimate horizontal head orientation (i.e., negative values indicate left-sided and positive values right-
sided orientations) as a function of the interaction of intervention condition and test moment.

A.3.4.  |  Is IVR rehabilitation feasible?
We will evaluate whether self-reported cybersickness and user experience predict the number of sessions 
completed by patients during the clinical trial. We will also compare cybersickness before and after IVR 
exposure and report descriptive statistics of the User Experience scale and of the user evaluations at 
the end of each game session. Moreover, we will document the number of referred and successfully re-
cruited patients and reasons for excluding patients, following the Consolidated Standards of Reporting 
Trials guidelines (Moher et al., 2010). These feasibility results will be reported for the intention-to-treat 
sample.

A.4  |  GENERAL MODELLING APPROACH
We will analyse the data with Bayesian mixed models using the R brms package (Bürkner,  2017), 
since mixed models can accurately model time-unstructured data (Andersen & Millen, 2013; Van den 
Noortgate & Onghena,  2003). Moreover, mixed models can clarify whether there were significant 
between-subject differences in treatment effects. To estimate the effect of the treatment on our second-
ary outcomes, we will use a multivariate regression model. The latter allows to statistically test for dif-
ferences in effects between the secondary outcome measures. If the multivariate regression model does 
not fit well, we will use separate regression models for each outcome. We will use a lognormal or shifted 
lognormal distribution to estimate response times, which are typically skewed, and logistic regression 
to estimate proportion correct. We will evaluate model fit using posterior predictive checks (Gelman 
et al., 1996). We prefer a Bayesian approach because it allows to quantify the strength of evidence in 
favour of the null hypothesis (Wagenmakers, 2007).

In addition, we will calculate the Bayes Factor (BF) for contrasts using the paired t-tests of the 
Bayes Factor package (Rouder et al., 2009). We will interpret the BF according to the rule of Kass and 
Raftery (1995). A BF10 larger than 3 suggests substantial evidence, and larger than 10 suggests strong 
evidence in favour of the alternative model. BF10 smaller than 1/3 represents substantial, and smaller 
than 1/10 represents strong evidence for the null model. BF10 in between 1/3 and 3 represents incon-
clusive evidence.

A.5  |  SAMPLE SIZE DETERMINATION
Efficient data collection in neglect rehabilitation research is important, as it is very difficult to re-
cruit sufficient patients (Harvey, 2019). For this reason, we will use a sequential Bayes Factor design 
(Schönbrodt et al., 2015), in which we sequentially calculate the BF10 for our main contrast of interest to 
determine when to stop data collection. We predict a smaller difference between left- and right-sided 
response times to invalid-cued targets for the shortest stimulus onset asynchrony (SOA) in the Posner 
task (R-L score) after than before active treatment and we expect no difference in the R-L score after than 
before placebo treatment. Thus, our main contrast of interest is the pre-post active intervention difference 
in the R-L score compared to the pre-post placebo intervention difference in the R-L score. We will 
evaluate our main contrast of interest after 8, 16, 20 and 24 patients who completed at least 80% of the 
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trial sessions. If the BF10 exceeds a threshold of 10 or .1 before reaching a sample size of 24 patients, we 
will stop data collection. Otherwise, we stop data collection when reaching a sample size of 24 patients.

To evaluate the probability of obtaining inconclusive or misleading evidence, we ran simulations fol-
lowing the principles of Schönbrodt and Wagenmakers (2018). First, we simulated response times on 
invalid-cued left and right targets for the 150 ms SOA on the Posner task. To obtain realistic estimates 
of the averages, between-subject, within-subject variances and associations between the variables, we 
based our simulated data on Posner data of 5 stroke patients (Table A1). We sampled effect sizes from a 
normal distribution (M = .2, SD = .10). The treatment effect was scaled for each case using the within-
subject variance in response times. Thus, patients with a higher pre-treatment mean response time are 
expected to have a larger decrease in response times. This corresponded to a reduction of left-sided 
response times of 96 ms due to active treatment at the group level (Cohen's d = .28).

We estimated the BF10 using a Bayesian paired t-test of the Bayes Factor package (Rouder et al., 2009) 
for our main contrast of interest for 50,000 samples under the alternative hypothesis and 5000 samples 
under the null hypothesis, each consisting of 24 cases. These simulations revealed that 66% of trials 
under the alternative hypothesis resulted in a BF10 larger than 10 and 78.7% of trials resulted in a BF10 
larger than 3. A total of 55% of trials reached a BF10 larger than 10 at 8 patients, .1% at 16, .02% at 20 
and 11% at 24 patients. A total of 18.7% of trials resulted in inconclusive evidence at 24 participants. 
None of the trials resulted in strong evidence, and 2.6% of trials resulted in moderate-strength evidence 
in favour of the null hypothesis. If the null hypothesis was true, none of the BF10 exceeded the .10 
threshold, while 1% of trials resulted in a BF10 exceeding 10 (i.e., a false positive result) before reaching 
24 participants. A total of 65% of trials reached a BF10 smaller than 1/3 at 24 participants, 1.4% resulted 
in a BF10 larger than 3 (i.e., a false positive result) and 33% trials reached an inconclusive BF at 24 par-
ticipants. We evaluated whether a sample size of 30 patients would produce better results, but a total of 
27% of trials still reached an inconclusive BF at 30 patients.

Thus, the probability of a false negative result is 2.6%, and the probability of a false positive 
result is 2.4%. In the frequentist framework a power of 90% would correspond to a 10% 
probability of a false negative result. Thus, in comparison, our study has a low probability of 
producing false results.

A PPEN DI X B

DATA-ANALYSIS (ADJUSTED PLAN AFTER DATA COLLECTION)
As we did not reach the planned minimal per-protocol sample size for our group analysis, we adjusted 
our data-analysis plan accordingly.

B.1.  |  Training effects inside the iVR environment
To assess the extent to which patients improved inside the iVR environment, we compared performance 
on the iVR assessment between the baseline, the post-placebo and the post-active assessment. To this 
end, the proportion of detected targets was modelled as a function of the main effect of the location of 
the target relative to the head midline, the test moment and their pairwise interaction. A logistic regres-
sion model was estimated per case.

Additionally, we evaluated whether the head orientation changed as a function of training. The head 
orientation distributions were complex (characterized by skew, flat tops and multiple modes). Given 
the complexity of these distributions and the circular nature of the head orientation data (Cremers & 
Klugkist, 2018), we performed a non-parametric statistical test for circular data to compare the distribu-
tions from the R package TwoCircles per case ( Jammalamadaka et al., 2021). We used the Rao test with 
Monte Carlo sampling and 5000 bootstrap samples. In addition, we described the median directions 
and mean resultant lengths (i.e., concentration) of the distributions using the R package circular (Lund 
et al., 2023). The mean resultant length is a parameter ranging from 0 to 1 representing how the circular 
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data are spread, with 0 representing the highest spread and 1 the lowest possible spread (Cremers & 
Klugkist, 2018).

B.2.  |  Training effects outside the iVR environment
Our main objective was to evaluate the efficacy of the iVR training on neglect symptoms outside the 
iVR environment. To this end we had several outcome measures of spatial bias and non-spatial attention 
(i.e., Sustained Attention to Response Test).
B.2.1.  |  Primary outcome measure
For the per-protocol cases, the primary outcome measure (response times on invalid cued targets) was 
modelled as a function of the active and the placebo therapy dosage (i.e., number of completed VR 
training trials) for both visual fields (left as the reference group) for each case separately:

The regression coefficient �
4
 reflects the change in response times resulting from the active 

therapy dosage. The therapy dosage was operationalized as the number of completed trials in the 
iVR training, as the number of trials was not matched between the active and placebo therapy condi-
tions and because the number of trials reflects the main treatment manipulation. This variable was 
scaled by dividing it by 100 such that the regression coefficient represents the effect of completing 
100 training trials.

In addition, for the intention-to-treat cases we estimated the following model:

The measurement moment at follow-up was not included in these models as we aim to establish the trend 
resulting from active therapy, rather than a mixed trend of active and no therapy.
B.2.2.  |  Secondary outcome measures
The secondary outcome measures were not registered at intermediate therapy dosages but did follow 
an interrupted time series design, often used in single-case research (Turner et al., 2020). The trend of 
change over phase 1 (placebo or baseline phase) and the change in slope relative to this trend were esti-
mated for all cases using the following model:

Thus, in this model, the regression coefficient (�
4
) represents how the therapy impacted the trend 

in symptom change as established during the initial baseline phase (encompassing placebo treatment 
for per-protocol cases and treatment as usual for intention-to-treat cases). We predicted an accelerated 
improvement for left-sided targets as a result of the active therapy compared to the first phase (includ-
ing baseline assessments for the intention-to-treat patients and placebo treatment for the per-protocol 
patients).
B.2.3.  |  Evidence synthesis
To integrate evidence across the secondary outcome measures of spatial bias, we used Bayesian Evidence 
Synthesis. This technique allows to synthesize evidence across multiple statistical tests (from different 
families). The technique developed by Kuiper et al. (2013) and integrated in the R BayesCombo package 
(Contrino & Lazic, 2017) was used. To this end, the regression coefficients and their posterior standard 
deviations were extracted from the regression models.
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B.3.  |  Are training effects inside the IVR environment larger than outside the IVR 
environment?
To evaluate whether iVR training effects were more pronounced inside the iVR environment in com-
parison to outside the iVR environment, we compared the effect of our intervention between two 
within-subject conditions: the IVR assessment and the computerized cancellation task. We estimated 
the proportion detected targets as a function of the main effect of test moment (i.e., test moment im-
mediately before active training and test moment directly after active training), visual field (i.e., left 
versus right) and task and included their interactions. This analysis was performed for all patients who 
completed active training at the single-case level.

B.4.  |  Model families
We analysed the data in R version 4.1.3 with all regression models estimated with the R brms package 
(Bürkner, 2017). For all models, patients were analysed separately, and the default priors were used. 
To estimate all models, we used a minimum of 2500 iterations and 4 chains. For models that did not 
converge with 2500 iterations, we increased the iterations to 5000 or 10,000. All models converged with 
R-hat values equal to 1. In addition, model convergence was checked by visually inspecting the posterior 
distributions and chains. No convergence issues were identified. To inspect model fit, we used graphical 
posterior predictive checks (Gelman et al., 1996). These checks did not reveal significant issues with the 
fit of the models. All analysis code, pre-processed data and results of the posterior checks can be found 
at 10.6084/m9.figshare.24873813.

The response times on the Posner cueing test were modelled with a right-censored shifted lognormal 
model. The shifted lognormal model is characterized by three parameters: mu (i.e., the mean of the log-
normal distribution), sigma (i.e., the standard deviation of the lognormal distribution) and a shift (i.e., 
non-decision time; the minimal time required to make a response) and can model the skew typical for 
response times. We assumed that the mean and sigma of the lognormal distribution could change over 
repeated sessions but constrained the shift parameter to a constant value, as we did not expect changes 
in the speed of low-level sensorimotor processes over time. A censored model was chosen as patients 
often did not respond within the 4-s time limit for left-sided targets and because ignoring censoring 
results in biased estimates (Guo et al., 2022; Tiku, 1968). To analyse the cancellation tests, we used a 
logistic regression model. To analyse the McIntosh Line Bisection test and the scores on the Catherine 
Bergego Scale, we used a Gaussian regression model. Response times on the SART were modelled with 
a shifted lognormal model without censoring, as this provided a better fit than a censored model. False 
alarms on the SART were modelled using a logistic regression model.

A PPEN DI X C

DESCRIPTION OF LESION CHARACTERISTICS
We used the Lesion Quantification Toolkit (Griffis et al., 2021) to estimate the impact of the lesion on 
different regions of interest (parcels) included in the Yeo-Schaeffer 7-network atlas (Schaefer et al., 2018).

https://doi.org/10.6084/m9.figshare.24873813
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T A B L E  C 1   Lesion loads (>25%) in different parcels of the Yeo-Schaefer atlas per case.

Hemisphere
Network label or main 
region Parcel X Y Z

Parcel loads 
(%)

Patient VR034

R Cont Par 1 58 −38 44 31.2

R Som Mot 4 58 −4 32 37.4

R Default PF Cv 1 35 28 −13 42.8

R Dors Attn Pr Cv 1 49 11 28 47

R Default PF Cv 2 51 29 1 57.7

R Sal Vent Attn Temp Occ Par 2 60 −25 29 73.7

R Dors Attn Post 2 49 −23 43 78.3

R Corpus striatum LN pallidum 28 6 3 86.2

R Som Mot 1 53 −15 7 87.6

R Sal Vent Attn Fr Oper Ins 1 40 9 2 96.9

R Som Mot 3 57 −3 13 97.8

R Som Mot 2 41 −15 16 99.8

Patient VR060

R Vis 5 8 −75 6 23.7

R Vis 6 17 −57 7 28.2

R Cerebelum-Vermis 4 5 18 −42 −17 38.9

R Cerebelum-Vermis 6 26 −57 −23 52.3

R Vis 1 32 −30 −20 77.1

R Vis 2 27 −64 −11 96

Patient VR076

R Default Temp 1 61 −22 −17 26

R Default Temp 2 51 7 −16 27

R Vis 2 27 −64 −11 30.7

R Cont P Cun 1 10 −64 43 33.5

R Corpus striatum LN pallidum 28 6 3 36.6

R Cont Cing 1 5 −26 34 43.3

R Vis 4 22 −93 −3 46.4

R Cont PFCl 4 43 17 46 48.2

R Sal Vent Attn Med 2 8 7 54 50.8

R Dors Attn Post 5 14 −51 67 51.6

R Som Mot 8 11 −23 66 56.5

R Sal Vent Attn Fr Oper Ins 1 40 9 2 57.1

R Dors Attn FEF 1 28 −1 60 58.4

R Vis 3 49 −59 −10 73.4

R Dors Attn Post 4 27 −66 51 78.8

R Cont Par 2 45 −62 47 81.4

R Som Mot 6 41 −21 61 81.9

R Som Mot 7 30 −36 65 83.4

R Dors Attn Pr Cv 1 49 11 28 86.9

R Cont Par 1 58 −38 44 87.2
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Hemisphere
Network label or main 
region Parcel X Y Z

Parcel loads 
(%)

R Som Mot 5 47 −9 49 91.3

R Som Mot 4 58 −4 32 92.4

R Dors Attn Post 3 39 −44 50 94.8

R Vis 7 36 −81 18 96.9

R Default Par 1 55 −50 32 97.7

R Som Mot 3 57 −3 13 98

R Sal Vent Attn Temp Occ Par 2 60 −25 29 98.5

R Sal Vent Attn Med 1 11 −29 47 98.7

R Default Temp 3 57 −25 −1 98.8

R Dors Attn Post 1 51 −62 17 99

R Som Mot 1 53 −15 7 99.1

R Sal Vent Attn Temp Occ Par 1 58 −41 14 99.4

R Dors Attn Post 2 49 −23 43 99.8

R Som Mot 2 41 −15 16 100

Patient VR080

L Vis 8 −26 −87 22 28.4

R Dors Attn Post 3 39 −44 50 31.5

L Cerebelum-Vermis Crus 2 −28 −72 −37 32.3

L Cerebelum-Vermis Crus 1 −35 −66 −28 34.2

R Corpus striatum LN putamen 15 13 10 38.3

R Dors Attn Post 1 51 −62 17 44.9

R Cont PFCl 4 43 17 46 51.6

R Limbic Temp Pole 1 38 1 −34 52.2

L Vis 5 −5 −91 −2 62.3

R Default Par 1 55 −50 32 62.9

L Vis 4 −27 −93 −4 64.6

L Vis 2 −25 −76 −13 72.8

R Cont PFCl 2 45 40 16 76.2

R Dors Attn Post 2 49 −23 43 80.5

R Default Temp 1 61 −22 −17 81

R Cont Par 1 58 −38 44 85.8

R Som Mot 4 58 −4 32 88.2

R Dors Attn Pr Cv 1 49 11 28 90.5

R Default PF Cv 1 35 28 −13 92

R Default PF Cv 2 51 29 1 97.3

R Default Temp 3 57 −25 −1 97.4

R Corpus striatum LN pallidum 28 6 3 98.2

R Thalamus 1 21 1 1 98.8

R Som Mot 3 57 −3 13 99.5

R Som Mot 1 53 −15 7 99.7

R Sal Vent Attn Temp Occ Par 1 58 −41 14 99.9

T A B L E  C 1   (Continued)

(Continues)
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A PPEN DI X D

QUALITY MONITORING OF CLINICAL TRIAL PROCEDURE AND MISSING DATA

D.1  |  PROTOCOL DEVIATIONS
Patient VR034 initially started participation in the clinical trial in October 2021. However, the patient 
developed a covid-19 infection during study participation and all visits needed to be cancelled. He re-
enrolled in the study in April 2022. We only report the data from the second time he enrolled in the 
study. None of the other patients re-enrolled in our study.
All screening sessions, primary outcome assessments and VR game sessions were administered ac-
cording to protocol. For the secondary outcome measures, missing data occurred for some cases. For 
patient VR034, the McIntosh Line Bisection Test was not administered in the third session due to time 
constraints. For patient VR060, all secondary outcome measures were administered as planned. Patient 
VR076 needed frequent breaks throughout sessions due to complaints of fatigue and low mood. For this 
reason, not all secondary outcome assessments were administered as planned (Table D1). Patient VR080 
completed all assessments as planned, but the OCS-NL hearts cancellation test and computerized can-
cellation tests were not feasible due to low-level visual impairment (Table D1). Patient VR088 completed 
all assessments as planned. Last, for VR108, all secondary outcomes in the baseline assessment session 
were not administered due to an error of the examiner.

D.2  |  BLINDNESS CHECK
Patient VR060 did not correctly guess the order of conditions he was assigned to, as he thought he was 
assigned to the Active-Placebo order of conditions. He indicated that the difference between the two 
conditions was not obvious. The blinded assessor also guessed that patient VR060 was assigned to the 
Active-Placebo order of conditions. In contrast, VR088 accurately guessed her order of conditions. The 
blinded assessor correctly guessed the order of conditions as well. Both were fairly confident in their 
choice.

Hemisphere
Network label or main 
region Parcel X Y Z

Parcel loads 
(%)

R Default Temp 2 51 7 −16 99.9

R Sal Vent Attn Temp Occ Par 2 60 −25 29 100

R Sal Vent Attn Fr Oper Ins 1 40 9 2 100

R Som Mot 2 41 −15 16 100

Patient VR088

R Sal Vent Attn Fr Oper Ins 1 40 9 2 29

R Som Mot 1 53 −15 7 30.6

R Som Mot 2 41 −15 16 53.3

R Corpus striatum LN pallidum 28 6 3 53.5

R Thalamus 1 21 1 1 79.4

Patient VR108

R Thalamus 1 21 1 1 60

R Corpus striatum LN putamen 15 13 10 76.3

R Corpus striatum LN pallidum 28 6 3 83.1

Abbreviations: Cont, control network; Default, default mode network; Dors Attn, dorsal attention network; Sal Vent Attn, saliency/ventral 
attention network; Som Mot, somatosensory-motor network; Vis, visual network.

T A B L E  C 1   (Continued)
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T A B L E  D 1   Overview of missing data and reasons for missingness on secondary outcome measures (1 = data complete).

Participant Session Cancellation Hearts
McIntosh line 
bisection SART CBS

VR034 1 1 1 1 1 1

2 1 1 1 1 1

3 1 1 Time 1 1

VR060 1 1 1 1 1 1

2 1 1 1 1 1

3 1 1 1 1 1

4 1 1 1 1 1

5 1 1 1 1 1

VR076 1 1 1 1 1 1

2 1 1 1 1 Fatigue

3 1 1 1 Fatigue Fatigue

VR080 1 Visual deficit Visual deficit 1 1 1

2 Visual deficit 1 1 1 1

3 1 1 1 1 1

VR088 1 1 1 1 1 1

2 1 1 1 1 1

3 1 1 1 1 1

4 1 1 1 1 1

5 1 1 1 1 1

VR108 1 1 1 1 1 1

2 Examiner error

3 1 1 1 1 1

Abbreviations: CBS, Catherine Bergego Scale; SART, sustained attention to response test.
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F I G U R E  E 1   Estimated performance (probability of cancelling a target) on the computerized cancellation test as a 
function of days since the start of therapy for all cases for the left and right target locations. The solid line is the estimate of 
performance over days. The dashed line is the extrapolated trend established during the phase before active therapy started. 
Effects of active therapy are reflected in differences between the extrapolated trend and the observed trend. Error bars 
are 95% credible intervals of the posterior predictive distribution. The open dots are the estimates, and the solid dot is the 
observed value.
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F I G U R E  E 2   Estimated performance (total cancelled targets) on the Hearts cancellation test as a function of days since 
the start of therapy for all cases for the left and right target locations. The solid line represents the estimate of performance 
over days. The dashed line represents the extrapolated trend established during the pre-therapy phase. Effects of active 
therapy are reflected in differences between the extrapolated trend and the observed trend. Error bars are 95% credible 
intervals of the posterior predictive distribution. The open dots are the estimates, and the solid dot is the observed value.
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F I G U R E  E 3   Estimated weights of the left and right endpoints on the McIntosh Line Bisection test as a function of 
days since the start of therapy for all cases. The solid line represents the estimates of performance over days. The dashed 
line represents the extrapolated trend established during the pre-therapy phase. Effects of active therapy (placebo therapy 
in VR080) are reflected in differences between the extrapolated trend and the observed trend. Error bars are 95% credible 
intervals of the posterior predictive distribution. The open dots are the estimates, and the solid dot is the observed value.

F I G U R E  E 4   Estimated mean CBS scores as a function of days since the start of therapy for all cases. The solid line 
represents the estimates of performance over days. The dashed line represents the extrapolated trend established during 
the pre-therapy phase. Effects of active therapy (and placebo therapy for VR080) are reflected in differences between the 
extrapolated trend and the observed trend. Error bars are 95% credible intervals of the posterior predictive distribution. The 
open dots are the estimates, and the solid dot is the observed value.
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